ABSTRACT:
The development of optically stimulated luminescence (OSL) dating of sediments has led to considerable advance in the geochronology of the Quaternary. OSL dating is a well established technique to determine sediment burial ages from tens of years to few hundred thousand years. Recent studies have shown that Quaternary sediments of Brazil are dominated by quartz grains with high luminescence sensitivity, allowing the determination of precise and reliable OSL burial ages. In this paper, we show examples of OSL dating of quartz aliquots and single grains from different regions in Brazil, including young coastal-eolian Late Holocene (< 100 years) to Late Pleistocene (~ 150 ka) fluvial sediments. We discuss the OSL data and ages of sediments from carbonate and terrigenous (distributary and tributary systems) fluvial depositional contexts in Brazil. Most of the studied fluvial sediments show equivalent dose distributions with low to moderate dispersion, suggesting well bleached sediments. The comparison between aliquot and single grain data suggests that high overdispersion in equivalent dose distributions of some samples is more related with sediment mixture due to bioturbation than with incomplete bleaching during transport.
RESUMO: O desenvolvimento da datação de sedimentos por luminescência opticamente estimulada (optically stimulated luminescence, OSL) proporcionou considerável avanço na geocronologia do Quaternário. A datação por OSL constitui técnica bem estabelecida para determinar idades de deposição de sedimentos com algumas dezenas de anos até poucas centenas de milhares de anos. Estudos recentes demonstraram que os sedimentos Quaternários do Brasil são dominados por grãos de quartzo com elevada sensibilidade de luminescên-cia, o que permite a obtenção de idades de soterramento precisas e confiáveis. Este artigo apresenta exemplos de datação por OSL de alíquotas multigrãos e grãos individuais de quartzo provenientes de diferentes regiões do Brasil. A amostragem compreende sedimentos eólicos costeiros do Holoceno tardio (< 100 anos) até sedimentos fluviais do Pleistoceno inicial/médio (~ 150 ka). O artigo apresenta idades de luminescência de sedimentos fluviais carbonáticos e terrígenos. Grande parte do quartzo fluvial estudado apresenta distribuição de doses equivalentes com dispersão baixa a moderada, sugestiva de fotoesvaziamento completo. A comparação entre dados de alíquotas multigrãos e grãos individuais indica que a dispersão elevada da distribuição de doses de algumas amostras está associada à mistura pós-deposicional de grãos e não ao fotoesvaziamento incompleto durante o transporte. Esse padrão contrasta com o que é comumente descrito na literatura para quartzo fluvial, caracterizado
Optically stimulated luminescence and isothermal thermoluminescence dating of high sensitivity and well bleached quartz from Brazilian sediments: from Late Holocene to beyond the Quaternary?
Datação de sedimentos brasileiros por luminescência opticamente estimulada e termoluminescência isotérmica do quartzo: do Holoceno tardio ao Plioceno?

INTRODUCTION
Luminescence dating of minerals was proposed by Aitken et al. (1964) as a method to determine the firing age of archaeological ceramic materials. Since this benchmark work, many studies aimed to develop protocols for dating the firing age of archaeological materials (ceramics and bricks), formation age of meteorites and burial age of sediments using thermoluminescence (TL) signals. Initial studies using TL dating of sediments commonly were showing age overestimation compared to other independent age controls such as radiocarbon. This was ascribed to the difficulty of measuring an optically reset luminescence signal (in the environment) by a thermoluminescence approach. The introduction of optically stimulated luminescence (OSL) solved that issue (Huntley et al. 1985) . OSL became a widely applied method for dating Quaternary terrigenous sediments following the methodological work of Murray and Wintle (2000) , by introducing the single-aliquot regenerative dose (SAR) protocol. Nowadays, OSL dating has proven that it is a reliable method to provide deposition ages of terrigenous sediments, from few years up to 100,000 years and beyond, in certain situations. Based on the luminescence of common silicate minerals (e.g. quartz and potassium feldspar), the method is suitable for dating sedimentary deposits containing silicate minerals, which fall outside the applicability range of most dating techniques such as radiocarbon and U-Th series. The OSL dating method has contributed to the progress of various fields of science related to Earth surface changes during the Quaternary. It has enabled significant progress in the past 15 years to understand the link between sedimentation and past variation in climate, relative sea level and tectonic activities.
Luminescence dating is a well established method to determine burial ages of quartz and potassium feldspar from Holocene to Pleistocene sediments (100 ka; Murray & Wintle 2003 , Rhodes 2011 , Buylaert et al. 2012 . Under favorable conditions, OSL dating proved to be reliable up to the Middle Pleistocene (~300 -400 ka). Recent studies have attempted to extend the age limit of luminescence dating (Wang et al. 2006 , Jain et al. 2005 , Vandenberghe et al. 2009 , Duller et al. 2012 . A lot of work is still needed to confirm the validity of these novel methodological approaches. If any of these are successful, luminescence dating could potentially be applied for the whole Quaternary period.
Quaternary sediments in Brazil are suitable for luminescence dating in the Holocene to Late Pleistocene range, especially due to the widespread occurrence of quartz grains with high OSL light intensity. Quartz from these regions have shown to be dominated by the fast component (Guedes et al. 2013 ), a highly desirable characteristic for OSL dating. However, there is no information about the suitability of Brazilian sediments for cutting-edge luminescence dating procedures with the potential to determine much older burial ages. In this paper, we present the basic principles of OSL dating, along with examples of OSL dating of Late Holocene to Late Pleistocene sediments from coastal and continental settings in Brazil. Study cases comprise the review of published OSL ages of coastal sediments (Zular et al. 2012) and fluvial carbonate sediments (Ribeiro et al. 2015) , as well as new OSL data about fluvial sediments from the Pantanal wetland and Parnaíba River. Finally, we explored the potential of isothermal thermoluminescence (ITL) signals (Jain et al. 2007 , Vandenberghe et al. 2009 in dating older Brazilian sediments from the Xingu River (eastern Amazonia).
BASIC PRINCIPLES OF OPTICALLY STIMULATED LUMINESCENCE DATING
Principles of luminescence dating
The first description of luminescence (thermoluminescence, TL) phenomena is attributed to Sir Robert Boyle in Well bleached fluvial sediments contrast with the poor bleached pattern usually described for fluvial sediments in the literature. A large part of the fluvial sedimentary record in Brazil is older than the age limit for quartz OSL dating using blue light stimulation. Thus, isothermal thermoluminescence (ITL) dating protocols were tested for dating of fluvial sands from the Xingu River (eastern Amazonia). The studied sample can recover reliable equivalent doses up to 1600 Gy using the ITL 310 o C signal. Therefore, this signal would be suitable to extend the age limit of quartz luminescence to the whole Quaternary or beyond (> 2 Ma) in the low dose rate (0.5 -1.0 Gy/ka) environments typical for Brazilian sediments. 1664, who observed the emission of light from a diamond crystal when held near a candle (Yukihara & McKeever 2011) . However, studies that supported the development of luminescence dating of geological materials were carried out only during the 1960s (Johnson 1963 , 1966 , Macdiarmid 1963 through the application of thermoluminescence. Dating studies were based on TL until 1985, when the OSL was discovered (Huntley et al. 1985) . TL and OSL are the light emitted by materials previously exposed to ionizing radiation, which are then stimulated by heat and light, respectively (Huntley et al. 1985 , Yukihara & McKeever 2011 . TL and OSL are present in several minerals such as quartz, feldspar, zircon and calcite (Aitken 1998) . As such, these materials act as natural radiation dosimeters as the register the amount of ionizing radiation to which they are exposed to. In extension, synthetic phosphors are used in personal dosimetry (Yukihara & McKeever 2011) .
KEYWORDS
Luminescence dating measures the time elapsed since minerals such as quartz and feldspar were exposed to sunlight. It requires that these minerals be sufficiently exposed to sunlight during their last sedimentary cycle (erosion, transport and deposition), in order to completely reset (bleach) any latent luminescence signal. After deposition, mineral grains are protected once more from sunlight, and begin to record the ambient natural ionizing radiation. The burial age can be determined from the ratio between the absorbed (natural) radiation dose (equivalent dose, De) and the ambient radiation dose rate (Da) surrounding the sample (Eq. 1).
(1)
The equivalent dose (De) is the amount of ionizing radiation energy absorbed in matter per unit mass. The SI unit for a De is the Gray (Gy), 1 Gy = 1 J/kg. Natural radiation exposure results from the disintegration of natural radionuclides (mainly 40 K, 238 U and 232 Th) in the form of alpha (D ) and beta (D ) particles, and gamma rays (D ). There is also a contribution from cosmic rays (Dc).
OSL signals are bleached faster than TL signals when minerals grains are exposed to sunlight (Godfrey-Smith et al. 1988 ). This is a major advantage of OSL over TL for determining the burial ages of Holocene and Late Pleistocene sediments. Although many minerals emit luminescence, well established luminescence dating protocols are based on the estimation of equivalent doses in quartz or potassium feldspar grains, in great part due to the high abundance of quartz and intense luminescence signal of potassium feldspar (Aitken 1998) . Luminescence dating is routinely measured from fine sand fractions (63 -250 µm) of quartz or potassium feldspar, or from polymineral fine silt (4 -11 µm). Luminescence dating can also be performed on individual grains, typically in the 180 -250 µm grain size. The OSL from quartz relies on blue light for stimulation while detecting the luminescence response in the ultraviolet (UV) band. Potassium feldspar is usually measured using infrared stimulation (IRSL) with the signal detected in the blue band. Figure 1 shows OSL and IRSL decay curves of quartz and potassium feldspar aliquots, respectively. The dating of potassium feldspar (Rhodes 2011 , Buylaert et al. 2012 is an alternative when quartz is shown to be unsuitable due to low OSL sensitivity (Aitken 1998) . Also, higher equivalent doses can be measured for potassium feldspar when compared to quartz OSL. However, IRSL signals of potassium feldspar suffer from anomalous fading (Huntley & Lamothe et al. 2001) , i.e. spontaneous signal loss, which leads to age underestimation. Despite the discovery of a relatively stable post-infrared infrared (pIRIR) signals of potassium feldspar, without significant fading (Thomsen et al. 2008 , Buylaert et al. 2012 , their lower saturation doses, slower bleaching rate, and higher residual doses limit their application. More detailed information about the pIRIR luminescence dating of potassium feldspar can be found in Buylaert et al. (2012) . The next sections of this study will focus on the luminescence dating of quartz.
Equivalent dose (De) estimation
Three main components (fast, medium and slow) have been used to describe the OSL decay curve of quartz (Bailey et al. 1997 ). The fast component, which dominates the first 0.8 -1.0 s of light emission, is the most suitable signal for dating of quartz due to its high thermal stability (lifetime of 850 Ma at 20 o C, Murray & Wintle 1998) . The fast component is also rapidly bleached by sunlight. It is reduced to less than 1% of its original level under just 10 s (Godfrey-Smith et al. 1988) . The saturation dose of the fast OSL component commonly occurs between 100 and 200 Gy (Wintle 2008) , limiting the dating range of sediments up to about 100 to 250 ka, considering average dose rates of 0.8 -1.0 Gy/ka.
The single-aliquot regenerative (SAR) dose protocol is the most successful approach used to measure the equivalent radiation doses in quartz (Wintle & Murray 2006) . The SAR protocol appropriately measure and correct luminescence sensitivity changes occurring due to repeated cycles of thermal, irradiation and illumination treatments performed during all necessary measurements to determine the equivalent dose. A dose-response curve is obtained by measuring the relationship between the luminescence signal and laboratory-induced radiation dose. The equivalent dose is determined by interpolating the natural luminescence signal of an aliquot (multiple grains) or single-grain of quartz (Fig. 2) onto the dose-response curve. Table 1 shows the SAR protocol used to estimate equivalent doses in quartz. A heat treatment (step 2) is applied to eliminate thermally unstable components, present following a laboratory-induced dose (step 1) before measuring the luminescence signal (step 3). Measurement steps 4, 5 and 6 correspond to the test dose (Dt), which is a fixed dose that monitor changes in OSL sensitivity, during each cycle. Quartz is very sensitivity to this heat treatment (step 2). The optimum temperature is determined for each sample with the aid of a dose recovery test. With this test, we can assess the accuracy of the measurement protocol. It consists in optically bleaching an aliquot of quartz, giving it a known, laboratory-induced dose (i.e. the given dose) and proceeding with measuring its equivalent dose (i.e. the measured dose; Tab. 1). The test is repeated for different heat treatment (step 2). Typically, we consider the test as successful when the measured-to-given dose ratio lies between 0.9 and 1.1. Applied doses Di: D1 > D2 > D3 > D4; D5 = 0 Gy, D6 = D1; D7 = D6, with additional IR stimulation before OSL measurements of D7. A series of measurement tests are included in the measurement protocol: recuperation, recycling and feldspar contamination. The recuperation test is performed near the end. The measures the luminescence response for a Di = 0 Gy and is expressed as a ratio of the normalized Lx/Tx response of the recuperation divided by the Lx/Tx of the natural luminescence (typically expressed as Ln/Tn). Intuitively, it should yield zero, but we tolerate up to 5% of signal. The recycling ratio is calculated by repeating a complete measurement cycle, at the very end, by giving again the same dose delivered in the first cycle (i.e. D1). Intuitively, the both Lx/Tx should be equal, but we tolerate up to 10% deviation. A failure here implies that the test dose improperly monitored the changes in OSL sensitivity. Feldspar contamination is evaluated by comparing two successive measurement cycles, in which the same dose (step 1) is delivered. In the second cycle, an infrared stimulation is applied before the blue stimulation (i.e. between step 2 and 3). Only feldspar is sensitive to infrared stimulation whereas both quartz and feldspar display a luminescence response under blue stimulation. If the aliquot is contaminated by feldspar, the second Lx/Tx ratio will be lower than the previous. A tolerance of 10% is also observed here. Further detailed about the SAR protocol for quartz can be found in Wintle and Murray (2006) . Table 1 . Single-aliquot regenerative dose protocol used to measure the equivalent dose in quartz aliquots or single grains (Murray & Wintle 2003) .
Step Procedure 
Dose rate estimation
Natural radionuclides (uranium, U; thorium, Th; and potassium, K) and cosmic rays are the main sources of ionizing radiation contributing to the dosimetric accumulation in buried grains of quartz and potassium feldspar. Alpha and beta particles and gamma rays derived from the decay of natural radionuclides have different travel lengths and linear energy transfer (LET) within sediments. Alpha particles deposit energy only in the outer shell (10 -20 µm) of a coarse grain (63 -250 µm). Thus, for quartz, its contribution to the equivalent dose can be eliminated by dissolving the outer shell of the grains with concentrated hydrofluoric acid (HF). However, the alpha contribution must be taken into account for fine grains (4 -11 µm) or coarse grain feldspar. In this case, the luminescence efficiency of alpha to beta particles must be considered (Mauz et al. 2006) . Beta particles and gamma rays have a travel distance within sediments of around 2 mm and 30 cm, respectively. Thus, beta particles and gamma rays can deposit energy into most of the mineral grains (Aitken 1998) . Cosmic rays are attenuated due to their interaction with the Earth magnetic field, atmosphere, surface water and sediments. The dose rate due to cosmic rays is calculated using a mathematical model which takes into account the magnetic latitude, elevation above sea level and sampling depth (Prescott & Hutton 1994) . The presence of water within the sediment attenuates the energy released during the natural disintegration of U, Th and K that can reach the quartz and feldspar grains. It is a major factor affecting the radiation LET and dose rate in sediments and must be taken into account for dose rate calculation. The difficulty here is in assessing the "effective" water content that the sample experienced throughout its burial time. A conservative approach is often used here, by assigning a relatively large uncertainty on water content for dose rate calculation.
High resolution gamma rays spectrometry and ICP-MS are often used to determine the abundance (or specific activity) of U, Th and K in sediments. A high resolution gamma spectrometry allows measuring the activities of daughter radionuclides from the U and Th decay series. This is advantageous because it is possible to evaluate the state of equilibrium in the uranium decay series. A loss or uptake of radionuclides, occurring after sediment deposition, negatively affects the dose rate over time, and leads to erroneous luminescence age. This is an issue of concern for dating of carbonate rich (Ribeiro et al. 2015) or heavy weathered sediments. With radionuclides concentrations, we apply conversion factors to obtain a dose rate (Adamiec & Aitken 1998 , Guérin et al. 2011 .
OPTICALLY STIMULATED LUMINESCENCE DATING OF BRAZILIAN SEDIMENTS
Historical background and study cases
Previous reviews about luminescence dating of Brazilian sediments were presented by Sallun et al. (2007) and Guedes et al. (2013) . The last authors presented information regarding the luminescence behavior of the quartz grains found in fluvial, eolian and shallow marine sediments from southeastern and northeastern Brazil and their suitability for equivalent dose estimation using the SAR protocol. Sawakuchi et al. (2011) presented a study of OSL sensitivity of quartz grains extracted from different Brazilian rocks and sediments.
Luminescence dating studies in Brazil can be divided into three groups, which express an evolutionary methodological trend: the pioneer attempts with thermoluminescence in sediments from the Rio Grande do Sul coastal plain (Poupeau et al. 1984 (Poupeau et al. , 1988 ; a second phase of thermoluminescence datings includes the first uses of OSL without the SAR protocol, mainly in coastal and/or eolian contexts (Suguio et al. 1999 , 2003 , Barreto et al. 2001 , Giannini et al. 2007 , Tatumi et al. 2008 ) but also in colluvium deposits (Sallun & Suguio 2010) ; and, lastly, the application of OSL-SAR to coastal, aeolian and fluvial deposits (Teeuw & Rhodes 2004 , Sawakuchi et al. 2008 , Tsoar et al. 2009 , Soares et al. 2010 , Guedes et al. 2011 , Zular et al. 2012 , Ribeiro et al. 2015 Figure 2. Dose response curve for a quartz aliquot. Lx/Tx (step 3/step 6) represents the corrected luminescence signal for a given radiation dose (Di). Ln/Tn is the corrected luminescence signal for the natural radiation dose (Dn). The net luminescence signal is calculated by removing the background (last 10 s of stimulation) from the raw signal (first 1s).
2015). Sometimes, it was performed in addition to or as validation of 14 C dating in archaeological sites, including central Brazil rocky shelters (Araujo et al. 2008 , Feathers et al. 2010 , Bueno et al. 2012 and Southern Brazil shell-middens (Giannini et al. 2010 ). This section discusses aspects of OSL dating of quartz from Brazilian sedimentary deposits. OSL dating of quartz from four study settings in Brazil are presented and discussed in the next sections. These settings (Fig. 3) comprise coastal-eolian sediments from southern Brazil, distributary fluvial sediments from the Pantanal wetland in southwestern Brazil, fluvial sediments from the Parnaíba River in northeastern Brazil and carbonate fluvial sediments (tufas) from Serra da Bodoquena and Vale do Ribeira, respectively in southwestern and southeastern Brazil. These study cases comprise sediments from different depositional and physiographical contexts, spanning from tens of years to a few hundred thousand years. Optically stimulated luminescence dating methods
Samples were collected in opaque PVC or aluminum tubes. Sample preparation followed standard procedures as described in Aitken (1998) . Samples were wet sieved to isolate the 180 -250 or 150 -180 µm grain sizes. Samples of fluvial carbonates (section 3.5) were crushed and etched with hydrochloric acid (HCl 10%) to completely dissociate individual silicate minerals before wet sieving (Ribeiro et al. 2015) . Detailed description of sample preparation of fluvial carbonates is found in Ribeiro et al. (2015) . Quartz concentrates were prepared through the treatment with hydrogen peroxide (H 2 O 2 27%) and HCl 10% in order to eliminate organic matter and carbonates, respectively. HF 40% was used to dissolve the outer shell of quartz grains, which is exposed to external alpha particles, and to remove other minerals. Remnant feldspar and heavy minerals were separated from quartz grains through heavy liquid separation using lithium metatungstate solution at densities of 2.85 and 2.62 g/cm 3 . All OSL measurements were carried out in the 2.62 -2.85 g/cm 3 density fraction. Only aliquots or single grains with recycling ratios between 0.9 and 1.1 and recuperation less than 5% were used for equivalent dose calculation. All aliquots were checked for feldspar contamination using infrared stimulation. The preheat temperatures and specific details of each study case are in the following sections. Equivalent doses for age calculation were determined with the central age model (CAM) or minimum age model (MAM) (Galbraith et al. 1999) . The finite mixture age model (FMM) was used for the single grain data of the Parnaíba River sediments (Galbraith 2005) .
For radiation dose rate measurements, sediment samples were packed in sealed plastic containers and stored for at least 28 days, to restore the equilibrium of radon with its daughters. Natural radionuclides concentrations were measured through gamma ray spectrometry in a high purity germanium detector (HPGe, relative efficiency of 55%) mounted in an ultralow background shield (Canberra Instruments). Uranium thorium and potassium concentrations were converted to dose rates using factors proposed by Adamiec and Aitken (1998) . The contribution of cosmic radiation to the dose rate was calculated according to Prescott and Hutton (1994) . Water saturation measured at the time of sampling was used for dose rate corrections.
Late Holocene coastal dune sands from São Francisco do Sul barrier OSL dating has been successfully used in highly dynamic coastal systems as a means to study geomorphological evolution, sedimentation rates and the impact of environmental changes (e.g. Bailiff et al. 2014 , Ballarini et al. 2003 , Rink & López 2010 . Absolute ages ranging from few tens to hundreds of years obtained on beach deposits (Banerjee et al. 2001 , Ballarini et al. 2003 to hundreds of thousands of years on stranded coastal barriers (Banerjee et al. 2003) have been reported in numerous studies in coastal settings where other independent chronological controls may not be considered an alternative method. The application of 14 C, for instance, is usually hindered by the lack of organic materials in coastal sands or by the dating limitation for samples in the decadal timescale because of past fluctuations in the production rate of 14 C in the atmosphere (Stuiver 1978) . Eolian coastal sediments, in particular, have been ideally suited for OSL dating of quartz. Eolian processes are characterized by a long time of light exposure during sediment transport that promotes well bleached sediments, prior to burial. In Brazil, several authors have reported OSL ages from eolian coastal sediments (Giannini et al. 2007 , Sawakuchi et al. 2008 , Guedes et al. 2011 .
OSL ages in the sands from the São Francisco do Sul Island (SFS; Fig. 4 ) in connection to geomorphological and sedimentological analyses were decisive in assessing barrier progradation stages from the Mid-to Late-Holocene and appraising the role of sea-level and paleoclimate forcings (Zular et al. 2012) . OSL dating on quartz grains were performed following the SAR protocol (Tab. 1), with a preheat temperature of 220°C (step 2). Quartz aliquots were characterized by a bright and dominated fast component OSL signal (Fig. 5A) , allowing us to measure equivalent dose as low as few tenths of Gy. The dose response curve followed a linear trend for doses up to 1.5 Gy (Fig. 5B) . The quartz responded well to the dose recovery and recycling ratio tests. The equivalent dose distribution for 24 aliquots of sample SFS-18L gave an equivalent dose of 0.0768 ± 0.0036 Gy, with a 3.1% overdispersion. The overdispersion measures the variation of equivalent doses among single aliquots or single grains of the same sample. According to Arnold and Roberts (2009) , well bleached sediments can present overdispersion up to 35.0%. For sample SFS-18L, it indicates that this is a well bleached sediment, with the absence of post-depositional mixing. All these characteristics attest to a reliable OSL age. With an environmental dose rate of 0.880 ± 0.060 Gy/ka, the calculated burial age was 87 ± 6 years for sample SFS-L18 retrieved at 1.05-m depth in an eolian blowout. The OSL characteristics of quartz from the SFS coast are suitable to measure equivalent doses as low as tenth of Gy, allowing us to determine burial ages of a few decade, possibly even less, all with a 5 -10% uncertainty. This would enable the reconstruction of decadal depositional events on a decadal timescale.
Fluvial sediments from the Pantanal wetland
The Pantanal is a tectonically active sedimentary basin located in central-west Brazil. The modern landscape comprises a mosaic of depositional environments, which reflects heterogeneous systems within a large depositional tract dominated by alluvial sedimentation (Assine 2003 , Assine et al. 2015 . The sediment source area originate from the upper Paraguay catchment, which comprises dissected sedimentary rocks (Paraná Basin) and metamorphic rocks (Corumbá and Cuiabá groups) (Lacerda Filho et al. 2004 ), under tropical-savannah (Aw) climate. The Paraguay River floodplain is the trunk system, but most of the depositional tract is composed of fluvial megafans. Pantanal megafans are characterized by Pleistocene fan lobes with braided distributary channels and sinuous active-Holocene channels which form entrenched meander belts and distributary channel-levee ridges in the distal lobes (Assine & Soares 2004 , Assine et al. 2014 . The Pleistocene sediments are mainly represented by medium sands with disperse gravels, and calcrete or ferricrete horizons appear as surface alteration features. In contrast, Holocene deposits are dominated by fine sands, silt and mottled clays (Assine & Soares 2004 , Assine et al. 2014 , Pupim 2014 .
The absolute ages of the megafans sub environments were determined by OSL dating of several units. It was shown that the ages ranged from a few hundred years up to two hundred thousand years (more details in Assine et al. 2014 , Pupim 2014 for quartz aliquots. The dose recovery test using a preheat temperature of 200 o C performed well, giving a measuredto-given dose ratio of 0.99 ± 0.01 (sample SL09) for a given dose of 6.64 Gy. For equivalent dose calculation, we retained only those aliquots that responded well to the recycling ratio (between 0.9 and 1.1) and recuperation test (less than 5%). The equivalent dose was calculated with the central age model. Two samples collected from deposits of Pleistocene braided channels and Holocene meandering channels gave De values of 9.30 ± 0.23 Gy (LC02) and 6.30 ± 0.15 Gy (SL09), respectively. The variation in the De values, for both samples, was analyzed to check the possibility of incomplete bleaching, which is considered common in fluvial sediments (e.g. Rittenour 2008 ). Fortunately here, the studied samples showed equivalent dose distributions with low overdispersion, ranging from 15 to 21% and suggesting that the luminescence signals in the Pantanal fluvial sediments had been well bleached at deposition. The calculated dose rate of each sample was relatively low, at 0.48 Gy/ka (LC02) and 0.58 Gy/ka (SL09). The resulted burial ages were 10.7 ± 1.3 ka (SL09) and 22.2 ± 2.4 ka (LC02) for samples collected at contrasting fluvial styles (meandering and braided; Pupim 2014). It allowed us to improve our knowledge of fluvial response to environmental changes and anthropogenic disturbances.
Fluvial sediments from Parnaíba river basin
Another example from a fluvial setting is presented here, taken from the Parnaíba and Canindé river terraces, northeastern Brazil. The homogeneity of these samples, in terms of bleaching and/or post-depositional mixing, was investigated, by comparing the equivalent dose distributions obtained from single aliquots and single grains of quartz. The samples were collected in terraces of the Parnaíba River (PNB-17) and its major tributary, the Canindé River (CAN-02) (Fig. 6) . The Parnaíba River and its tributaries drain mostly Paleozoic and Mesozoic sedimentary rocks of the Parnaíba sedimentary basin. Their Quaternary terraces generally comprise mature quartz sands with low feldspar content.
The sample PNB-17A was taken in a terrace, situated 10 m above and at 500 m away from the modern Parnaíba River channel, in the downstream portion of the catchment. The sample CAN-02A was retrieved in a terrace 5 m above and 10 m away from the current Canindé River channel (Fig. 6) , in the central portion of the Parnaíba drainage catchment. The sampled sediments are massive sandy beds, with no apparent sedimentary structures, probably due to pedogenetic process. Both rivers are characterized by meandering to straight channels with high suspended load, turbid waters and numerous sand bar tops exposed during the dry season.
The quartz behaved well, having an OSL decay curve dominated by the fast component and well-defined saturating exponential dose response curves. These samples responded well to dose recovery test, both in single aliquot and single grain mode for a preheat temperature of 220 o C. For aliquots, measured-to-given dose ratios were 0.97, 0.98 and 0.92 respectively for given doses of 1.5 and 25 Gy. For single grains, measured-to-given dose ratio was 0.92 for a given (Fig. 7) . The calculated equivalent dose, from sample CAN-02A, gave an overdispersion of 7.8 and 29.9%, for single aliquots and single grains, respectively. A similar situation was observed for sample PNB-17A: the overdispersion was 19.4 or 61.0% for single aliquots or single grains equivalent doses. The overestimation of equivalent doses using small aliquots is common in fluvial sediments (Thomsen et al. 2007) is a small probability of finding well bleached grains in an aliquot, so the smaller values tend to be averaged.
If every quartz grains, from a sample, are derived from a unique population, their equivalent dose distribution will be normally distributed around the mean. In the case in which the population of quartz grains have different histories, such as in a partially bleached sediment, the equivalent dose distribution will be asymmetric, typically being positively skewed (Rittenour 2008) . We can easily imagine that, if many quartz grains are dispensed on aliquot, its equivalent dose will be an average from various population. This will over-estimate the burial age in the case of partial bleaching. By dispensing less and less grains, we can more easily characterize the shape of the distribution. At its limit, we can measure the equivalent dose from a single grain, such as with the single grain laser system. As we reduce the amount of grains underlying the equivalent dose estimate, the equivalent dose distribution will scatter more and more if the quartz grains are derived from more than one population (Duller 2008) . For the samples considered here, the wide scatter observed in the equivalent dose distribution can be attributed to pedogenetic mixing (Fig. 7) . The significant degree of pedogenesis is suggested by the lack of sedimentary structures, considering they represent deposition in a fluvial bar. This process seems to be more prevalent in sample PNB-17A. This sample shows an equivalent dose distribution with high dispersion, suggesting two equivalent dose modes.
For sample PNB-17A (Fig. 7) , the possibility of post-depositional sediment mixture was evaluated with the MAM and FMM (Galbraith 2005) for comparison with the CAM (Galbraith et al. 1999) , since the overdispersion seen in single grain equivalent dose is high. The CAM is suitable to calculate the equivalent dose of a population of well bleached grains without post-depositional mixing. The MAM aims to discriminate a statistic significant number of single aliquots or single grains representing a minimum equivalent dose for calculation of a minimum age. The FFM allows the separation of populations of grains with different depositional histories regarding bleaching or post-depositional mixing. Equivalent doses, dose rates and ages for quartz single aliquots and single grains are summarized in Table 2 .
The single aliquots ages showed smaller differences between CAM and MAM ages than the single grain ages. In both samples, the younger age corresponds to the single grain MAM age, which is attributed to the separation between well bleached and poorly bleached grains. The minimum age (3.49 ± 0.49 ka, single grain) and central age model (6.38 ± 0.56 ka, single aliquot) also gave different results for sample CAN-02A, even if it has a smaller overdispersion compared to sample PNB-17A. Sample PNB-17A shows a higher age range, when the single grain MAM age (6.25 ± 0.74 ka) and single aliquot age (18.54 ± 1.45 ka) are compared. Using the FMM, we can reconstruct the observed equivalent doses distribution of sample PNB-17A as resulting from the mixture of two age populations, with equivalent doses of 5.61 ± 0.08 Gy and 16.29 ± 0.06 Gy, respectively contributing with 40.7 and 59.3% of the grains from the mixture.
Although poor bleaching in fluvial deposits (Ritennour 2008) is usually considered as a major factor for equivalent dose distributions with high overdispersion, sediment mixture after burial and dose rate heterogeneities can also provoke similar patterns. The field context of the studied samples can help us to interpret the reasons for the high overdispersion observed for sample PNB-17A. This sample was collected in a massive sand layer, most likely due to an intense pedogenesis. The layer above this massive unit (PNB-17B, 30 cm above) gave a burial age of 9.45 ± 0.72 ka (CAM). It also has a low overdispersion indicative of a well bleached sediment. This age is close to the younger FMM component seen in sample PNB-17A (7.48 ± 0.52 ka). In this case, the age of 21.72 ± 1.47 ka calculated for the older FMM component should be seen as the most reliable age for the bottom sample.
The equivalent dose distribution of sample CAN-02A is relatively symmetric. Therefore, the burial age is most appropriately derived from the CAM. This is supported also in similar weighted mean ages, from single aliquot and single grain data.
Finally, the single grain measurements allow the recognition of sand mixing after burial in sample PNB-17A. Sample CAN-02A is dominated by a well bleached population of grains, without evidence of mixing after burial. Thus, we concluded that contrasting equivalent dose distributions can occur in samples from the same fluvial system and the choice of dating method (aliquots or single grains) and age models should take into account the individual characteristics of each sample.
Carbonate fluvial sediments (tufas) from Serra da Bodoquena and Vale do Ribeira
Extracting an age from tufa deposits is challenging. The uptake of dead carbon hinders radiocarbon dating while the relatively high concentration of detrital thorium prevents the application of U-Th dating. OSL dating of detrital quartz grains distributed within the tufa matrix is an alternative geochronological method to determine tufa building ages (Rich et al. 2003 , Ribeiro et al. 2015 . OSL dating was performed in fluvial carbonates from Serra da Bodoquena in Mato Grosso do Sul State and Serra do André Lopes (Vale do Ribeira in São Paulo State) (Fig. 3) . The Serra da Bodoquena is the largest active fluvial tufa depositional system in Brazil. OSL ages shown that these deposits were formed from the Mid-Late Pleistocene to Late Holocene (Ribeiro et al. 2015) . The carbonate sediments of Serra da Bodoquena are associated with the karst system developed within Neoproterozoic limestones of Tamengo and Bocaina Formations (Paraguay Belt) that form a plateau over the southern edge of the Pantanal Basin. Tufa deposition occurs when a source of autogenic waters from the karst system emerge in an open-air river, thus supplying bicarbonate-rich waters that rapidly precipitate. The rivers of Serra da Bodoquena usually have low sinuosity meandering styles and gentle slope forming wide floodplains, accumulating micrite sediment. Barrage-form tufa deposits develop within river channels. Tufa accumulation builds up to form channels with rapids and waterfalls. The tufa deposits of Serra do André Lopes are associated with the karst developed over the Tapagem Marble, Açungui Suprergroup (Campanha & Sadowski 1991) . The karst system consists mainly of autogenic recharge waters, with a small allogenic recharge originated from topographic highs of non-carbonate rocks (Sallun Filho et al. 2012) . The river channels with tufa deposition are developed over a high-gradient area with steep slopes and topographic breaks with narrow and incised river channels.
This study case presents the OSL characteristics and ages of quartz grains retrieved from samples MR-192 (Serra da Bodoquena) and F4-40 (Serra do André Lopes). Ribeiro et al. (2015) give a detailed description of the OSL dating approach for these samples. Both samples are well-cemented, indurated tufas from barrage-type deposits that occur around river channels (Fig. 8) . The F4-40 sample has a well-preserved micrite matrix, with coated grains and some sparite cement that fills vuggy pores. The MR-192 sample has a matrix dominated by micro-sparite and sparite. Both samples were collected as blocks knocked from the tufa barrages.
Quartz grains (180 -250 µm fraction) were extracted from the tufa matrix and used for OSL dating. Both samples have quartz grains with OSL signals dominated by the fast component. The quartz from Serra da Bodoquena (MR-192) is brighter than the quartz from Serra do André Lopes (F4-40) (Fig. 3) . Recycling ratios are consistent with well-corrected sensitivity changes, and recuperation less than 5.00% indicates a bleachable OSL signal and absence of significant thermal transfer (Murray & Wintle 2003) . Dose recovery tests show measured-to-given dose ratios of 1.02 ± 0.09 (given dose = 33.6 Gy) and 0.90 ± 0.11 (given dose = 84 Gy) for a preheat temperature of 200 o C. The average maximum equivalent doses (2D 0 ) determined using D 0 from fitting of dose response curves for samples respectively, which are in the range commonly observed for quartz (Wintle 2008) . Unfortunately, some aliquots had natural luminescence in dose saturation in both samples. The natural doses determined with the central age model are 70 ± 5 Gy and 60 ± 14 Gy (F4-40) . The studied samples have low concentrations of U, Th and K, giving total dose rates of 0.59 ± 0.04 Gy/ka for sample MR-192 and 0.40 ± 0.02 Gy/ka for sample F4-40. Thus, the OSL ages of the detrital quartz grains within tufa matrix are 118.6 ± 10.8 and 150.3 ± 10.8 ka respectively for samples .
The studied samples were dated by radiocarbon for comparison with OSL ages (Ribeiro et al. 2015) . The radiocarbon age for the carbonate matrix of sample F4-40 is older than 40 -50 cal ka BP. Sample MR-192 had a radiocarbon age of 0.34 -0.51 cal ka BP for its carbonate matrix and 7.93 -8.02 cal ka BP for organic matter within the carbonate matrix (Ribeiro et al. 2015) . The equivalent dose distribution for sample MR-192 has a low overdispersion, which suggests a single and uniform distribution. Thus, the younger radiocarbon ages for its carbonate matrix and organic matter could be related to the uptake of modern carbon during tufa dissolution and recrystallization processes. For both samples, the OSL ages would be the most reliable ages for tufa formation, with radiocarbon ages representing younger events of tufa alteration.
Very low water saturation values (0.2 -5.0%) are observed in the studied tufa samples, which is attributed to the reduced porosity and intense carbonate cementation. This is an important concern for dose rate calculation, since the gradual replacement of the available pore space by carbonate cementation progressive increase the dose rate over time. If not taken into account, this leads to an OSL age underestimation. Thus, the studied tufas could be even older. The uptake or loss of radionuclides is another concern for dose rate calculations. The 238 U/ 226 Ra activity ratios are 0.49 , indicating an excess of 226 Ra. The uptake of 226 Ra during tufa growth also led to a progressive dose rate increase over time, hence, to an OSL age underestimation if not taken into account. Therefore, the calculated OSL ages should be viewed as minimum age estimates for the formation of the studied tufas.
FEASIBILITY OF USING ISOTHERMAL THERMOLUMINESCENCE SIGNALS TO EXTEND THE AGE LIMIT FOR DATING OF BRAZILIAN SEDIMENTS
Motivation
ITL signals of quartz have been shown to saturate at higher doses, compared to OSL, up to 1400 Gy (Jain et al. 2005) . The ITL is the light emitted by a sample heated and kept under a given temperature, without using light stimulation. Quartz ITL signals measured at 310 o C (Jain et al. 2007) and 270 o C (Vandenberghe et al. 2009 ) are thermally stable and bleacheable under sunlight, allowing to extend the age limit of luminescence dating beyond OSL dating of quartz. In a situation in which the environment dose rate is very low, that technique could potentially measure a million year burial age or more. So far, ITL signals were tested for dating of sediments from selected locations in India (Jain et al. 2005) , Korea (Choi et al. 2006) , China (Buylaert et al. 2006) and Zambia (Barham et al. 2011) . Although some studies obtained reliable burial ages (Barham et al. 2011) , other studies found systematic ages overestimation (Buylaert et al. 2006 , Huot et al. 2006 , which was attributed to non-corrected luminescence sensitivity changes. The evaluation of ITL signals in quartz grains from different depositional settings is necessary for the development of a general ITL dating protocol. In this section, we present the first evaluation of ITL signals for dating of Brazilian sediments. ITL measurements to evaluate dose recovery and saturation doses were carried out in quartz from sands of the Xingu River (eastern Amazonia). The quartz from the Xingu River sands has high OSL sensitivity and fast bleaching typical for quartz from most Quaternary depositional settings in Brazil.
Isothermal thermoluminescence measurements
The sample considered here (XNG-47-2) was collected in a longitudinal bar from the lower reach of the Xingu River (eastern Amazonia, Pará State, northern Brazil). Quartz grains in the 180 -250 µm grain size were isolated using standard procedures as described in section 3.2. OSL dating using a SAR protocol gave an equivalent dose of 0.31 ± 0.01 Gy (24 aliquots and 10% overdispersion) and a reliable burial age of 205 ± 5 years (dose rate of 1.51 ± 0.02 Gy/ka). A dating protocol relying on the ITL 270 o C (Vandenberghe et al. 2009) and ITL 310 o C signals (Jain et al. 2007 , Barham et al. 2011 was tested for dose recovery tests for a given dose of 250 Gy (Table 3 ). The dose recovery tests used aliquots of sample XNG-47-2 (natural dose of 0.31 ± 0.01 Gy) bleached in a solar simulator for 4 hours. Dose response curves were built using radiation doses up to 1200 Gy. The net ITL 270 o C and ITL 310 o C signals were calculated by integrating over the first 5 s of the light emission curve. Background was determined by integrating over the last 40 s.
Results and discussion
Sample XNG-47-2 shows an ITL 310 o C signal more intense than the ITL 270 o C signal. Both signals grow with applied radiation doses and are well represented by a single saturating exponential function (Fig. 9) .
The measured-to-given dose was 1.04 ± 0.21 (4 aliquots) for the ITL 270 o C and 0.99 ± 0.19 (3 aliquots) for the ITL 310 o C. Therefore, both signals recovered a reliable given dose of 250 Gy. The natural ITL signals, with both The maximum doses (2D 0 ) calculated using D 0 from fitting of a saturating exponential function to the dose response curves are 670 ± 54 Gy (average for 4 aliquots) and 1656 ± 977 Gy (average for 3 aliquots). These doses are significantly higher than the maximum dose estimated using the blue OSL signal of quartz. The dose rate measured for sample XNG-47-2 is 1.51 ± 0.02 Gy/ka, which would allow determining ages up to around 1 Ma using the ITL 310 o C signal. The dose rate for sample XNG-47-2 is relatively high compared to average dose rates between 0.5 and 1.0 Gy/ka commonly found in Brazilian sediments (Sawakuchi et al. 2008 , Soares et al. 2010 , Guedes et al. 2013 , Ribeiro et al. 2015 . In this case, burial ages for the whole Quaternary (up to around 2.58 Ma) or even beyond could be determined for some low dose rate (~0.5 Gy/ka) Brazilian sediments using ITL signals.
CONCLUDING REMARKS
Quartz from Quaternary sediments in Brazil is well suited for luminescence dating. They have a bright and proportionally important fast component. The high sensitivity usually found in quartz from Brazilian sediments would allow determining burial ages as young as a few years. Despite the relatively low dose rates usually found for quartz from Brazilian sediments (0.5 -1.5 Gy/ka), such as that found in the Pantanal wetland and fluvial carbonates from Serra da Bodoquena, saturation doses up to 100 -150 Gy limit the upper dating range of sediments to 300 ka.
Fluvial sediments are commonly reported as suffering from incomplete bleaching, which makes difficult to estimate a reliable burial age. However, fluvial sediments from four different settings in Brazil (Pantanal, Parnaíba river, Serra da Bodoquena and Vale do Ribeira) are relatively well bleached with equivalent dose distributions showing low to moderate overdispersions, similar to values observed in coastal or eolian sediments. All studied fluvial settings comprise sands with very low feldspar content. The studied fluvial sands are mainly composed (> 90%) of bright quartz grains dominated by the fast OSL component. This suggests that quartz sensitivity and homogeneity of sand composition play a major role in the overdispersion of equivalent dose distributions. High overdispersion was observed only for fluvial sediments with intense pedogenesis (Parnaíba River). The analysis of single grain data allowed concluding that the higher overdispersion is related to post-depositional mixing rather than insufficient sunlight bleaching. Therefore, sediment mixing due to pedogenesis and dose rate heterogeneities would be the major contributors to high overdispersion in Brazilian fluvial sediments. In this case, selection of sampling sites should avoid these situations.
OSL dating of detrital quartz grains is a promising method to determine deposition ages of carbonate fluvial sediments (tufas), which are still challenging materials for dating using other geochronological methods. Dose rate variation through time due to changes in pore water content and loss or uptake of radionuclides are the main concerns for dating of tufas using OSL methods. Thus, dose rate modeling provoked by changes in radionuclide concentrations and water content is necessary to enhance the dating accuracy.
Most of the Quaternary period is beyond the age limits of the OSL dating. Dating protocols based on ITL signals from quartz are promising methods to extend the age range of luminescence dating. The first ITL measurements performed in quartz from Brazilian sediments (Xingu River) suggest that equivalent doses up to 1600 Gy (2D0) can be recovered, considering the obtained saturation level of ITL 310 o C signal. If accurate, we could measure burial ages for most of the Quaternary or even for the Pliocene (~3Ma) in low dose rate environments (0.5 Gy/ka). Further development is called for to determine the reliability of ITL dating of Brazilian quartz, with a comparison to independent dating methods.
